Golgi complexes of cells within the intact, viable seminiferous tubule were examined by light microscopy using the vital Golgi stah C6-NBD-ceramide. This staining technique provided a quick and simple method to visualize all Golgi complexes of cells within the seminiferous tubule that are directly a d b l e to the basal compartment. Thus, peritubular, spermatogonial, and Sertoli cell Golgi complexes were visualized. Peritubular cells contained simple Golgi complexes which did not change with the stage of the seminiferous epithelium. Both solitary spermatogonial Golgi complexes which varied in size and number with the stage of the seminiferous epithelium and cohorts of spermatogonia ~~~e~t e d by intercellular bridges were easily visualized. The Golgi complexes of Sertoli cells were located in the basal,
Introduction
The seminiferous tubule is composed of a number of cell types which function together in spermatogenesis. Each seminiferous tubule is surrounded by a layer of peritubular cells, with Sertoli cells and spermatogonia separated from peritubular cells by a basement membrane. Between adjacent Sertoli cells a tight junctional complex, the blood-tubule barrier, creates two distinct environments within the seminiferous tubule termed the basal and adluminal compartments (1,2). Spermatogonia differentiate into pre-leptotene spermatocytes which traverse the blood-tubule barrier and eventually transform into elongate spermatids. In the rat, spermatogenesis has been divided into 14 stages which represent the various types of cell associations encountered throughout spermatogenesis (3).
Because the blood-tubule barrier restricts movement of serum components into the lumen of the seminiferous tubule, Sertoli cells must provide the necessary nutritional and hormonal milieu for germ cells within the adluminal compartment (4). This special milieu is created, at least in part, by the seminiferous tubule fluid and proteins secreted by Sertoli cells (4). Within the Golgi complex modifies and sorts proteins destined for secretion or intracellular organelles (5,6). Its structure consists of four apposed but distinct membrane domains, cis, medial, trans, and h.ans-Golgi network, which are connected by the passage of vesicles between domains. Peritubular cell and spermatogonial Golgi complexes have not been studied extensively at the ultrastructural level, although the spermatogonial Golgi complex is reported to be unremarkable, with flattened saccules surrounded by many vesicles (7,8). By electron microscopy, the Golgi complex of rat Sertoli cells is seen to extend from a perinuclear location towards the apex of the cell (9-11). Rambourg et al. (10) described the rat Sertoli cell Golgi complex as "a single network of interconnected w a v y ribbon or platelike structures." It is known that the rat Sertoli cell Golgi complex undergoes cyclic changes in location throughout the seminiferous epithelial cycle being found predominantly in the basal Sertoli cell cytoplasm in all stages except VI1 and VIII, during which it migrates into the mid and apical cytoplasm (9,ll) . This localization change has been correlated with the appearance of mature spermatids (12) .
A number of techniques are available to examine Golgi complex morphology. The use of electron &OXOH to view the Sertoli cell Golgi complex has a number c & W -
The tissue must be fixed, embedded, and sectioned bcfrxe dcwiog. Importantly, the fixation protocol does not d e tbe study of Golgi camplex dynamics within viable Sertoli &. The Goigi complex of living cells can be visualized after incubation with the fluorescent lipid analogue, N-[7-(4-nitrobenzo-2-o~-l,3-diazole)]-6-aminocaproyl sphingosine (C6-NBD-ceramide) (13). After exposure of a cell to C6-NBD-ceramide this lipid accumulates in the Golgi complex, where it is converted to fluorescent glucosylcerebroside and sphingomyelin. After this conversion the lipid migrates to the plasma membrane (14). Because of these properties, C6-NBD-ceramide has been used extensively in studies of Golgi complex function and intracellular lipid transport.
Brefeldin A (BFA) is a fungal metabolite which induces rapid dispersion of the Golgi complex in many eucaryotic cells (15, 16) . Within 30 minutes after BFA exposure, transport from the Golgi complex to the plasma membrane is inhibited and Golgi proteins redistribute to the endoplasmic reticulum leaving no definable Golgi complex (17J8). Therefore, the use of BFA has proven valuable in studying Golgi complex structure and function.
In this report, isolated seminiferous tubules were exposed to Cc-NBD-ceramide and the response of the Sertoli cell Golgi complex to BFA was examined. After exposure of isolated seminiferous tubules to BFA, the Sertoli cell Golgi complexes rapidly dispersed to areas surrounding elongate spermatid heads, whereas those in peritubular and germ cells remained intact. In addition, the results provide for a quick and easy method to view Sertoli, peritubular, and germ cell Golgi complexes in intact, viable seminiferous tubules with conventional fluorescence microscopy. Within viable seminiferous tubules, this technique also permitted easy detection of spermatogonial germ cell cohorts which previously could be viewed only after fixation and staining of seminiferous tubules.
Materials and Methods
Sprague-Dawley rats (Charles River; N. Wilmington, MA) of 300-400 g (for isolation of seminiferous tubules) or 21 days of age (for Sertoli cell cultures) were sacrificed by CO2 asphyxiation for these studies. Staging of seminiferous tubules was performed by the method of Leblond and Clermont (3) based on the position and morphology of elongate spermatid heads within the seminiferous epithelium when viewed with differential interference contrast optics. Stage 111-V seminiferous tubules contained highly condensed elongate spermatid heads deeply embedded within the basal portion of the seminiferous epithelium. Stage VI1 and VI11 seminiferous tubules contained highly condensed elongate spermatid heads positioned near the lumen of the seminiferous tubule. Stage X and XI seminiferous tubules exhibited elongate spermatid heads which were laterally flattened and beginning to elongate. All chemicals were obtained from Sigma (St Louis. MO) unless otherwise noted. C6-NBD-ceramide was obtained from Molecular Probes (Eugene, OR) and was solubilized in dimethylsulfoxide to a stock concentration of 1 mglml and stored at -2O' C until use. BFA was solubilized in methanol to a stock concentration of 10 mglml and stored at -2O'C until use. Collagenase (Type 1A) had a collagen digestion activity of 335 Ulmg solid. All washes and incubations were performed at 32°C in tissue culture media [1:1 Dulbecco's modified EaglelHam's F12 (Gibco;
Grand Island, NY) plus 1 nglml epidermal growth factor, and 1% ITS+ (insulin, transfertin, and selenium; Collaborative Biomedical Products, Bedford, MA)]. For administering the fluorescent probe to seminiferous tubules, C6-NBD-ceramide was complexed to defatted bovine serum albumin (BSA) according to the methods of Lipsky and Pagano (13) . All collagenase digestions were done for 5 min at a concentration of 15 mglml with mixing by inversion approximately once per minute. The seminiferous tubule cross-section shown in Figure 1 was prepared by puncturing fine holes in an isolated testis from a mature rat with a 26-gauge needle and fixing the tissue in 10% buffered formalin (19) . After glycol methacrylate embedding, 2.5-pm sections were cut and stained with periodic acid-Schiffs reagent and hematoxylin.
Exposure of Seminiferous Tubules to the Vital Stain G-NBD-ceramide.
Testes from adult rats were excised, decapsulated, and digested with collagenase. Next, individual seminiferous tubules were teased apart with for. ceps, incubated with C6-NBD-ceramide/BSA complex for 10 min at a c6-NBD-ceramide concentration of 10 nmol, washed twice for 1 min each, and incubated for an additional 2 hr in the absence of C6-NBD-ceramide to concentrate the fluorescent lipid in the Golgi complex. Finally, seminiferous tubules were placed between a slide and coverslip using approximately 100 NI of tissue culture medium and were viewed with a Zeiss Axiovert 35 microscope. For the BFA studies, seminiferous tubules were digested with collagenase, incubated with Cs-NBD-ceramide/BSA complex for 10 min, washed twice for 1 min each, incubated for an additional 30-45 min, and exposed to 10 wg/ml BFA for the times indicated.
Sertoli Cell Cultures. Sertoli cells were isolated from young rats by a modification of the protocol of Tung and Fritz (20) . Testes were removed and washed three times in sterile Ca2', Mg2'-free Hanks' buffered salt solution (HBSS) (Gibco BFU; Gaithersburg, MD), decapsulated in HBSS, washed with HBSS, and minced with a sterile razor blade into approximately 1 4 " pieces in HBSS. The minced tubules were then digested in a shaking water bath at 150 rpm in 120,000-200,000 U trypsin, 0.5 mg DNAse I in SO ml HBSS for 1 hr at 32.5'c. After sedimenting at unit gravity for 5 min, the supernatant was discarded and the tubule fragments were pipetted 10-15 times with a 10-ml pipet. After sedimenting for 5 min. the supernatant was discarded and the tubules were incubated for 1 hr in a shaking water bath at 150 rpm and 32.5'C in 35 ml of HBSS containing 45 mg collagenase (Type IA), 0.6 mg DNAse I, and 30 mg hyaluronidase. This mixture was then centrifuged at 150 x g for 3 min. The supernatant was discarded, and 0.1% soybean trypsin inhibitor was added in 35 ml of Dulbecco's modified Eagle's medium mixed 1:l with Ham's F12 medium (Gibco) plus 1 nglml epidermal growth factor, 1% ITS+ supplement (Collaborative Research; Bedford, MA), 50 pg/ml gentamycin, 100 U/ml penicillin, and 0.1 mglml streptomycin (DMEM/F12+). Tubule fragments were repeatedly (10-15 times) pipetted with a 10-ml pipet. The resulting cell suspension was rinsed with DMEM/F12 + , then centrifuged at 150 x g for 3 min and re-suspended in 20 ml of DMEM/Fl2 + . Cell viability was determined by trypan blue exclusion, and 1.4 x los cells were plated on sterile 22-mm2 coverslips (Fisher Scientific; Fair Lawn, NJ), coated with 10 pg laminin (Gibco) and placed in 35-mm tissue culture plates. Cultures were 90% pure based on alkaline phosphatase and Oil Red 0 staining (21). Three days after plating, cultures were exposed to 10 nmol C6-NBDceramide/BSA complex for 10 min, washed twice for 1 min each, incubated for an additional 30 min, and incubated with or without 10 pg/ml BFA for 30 min.
Results
Only cells with direct access to the basal compartment of the seminiferous epithelium were stained with Cs-MD-ceramide. A pair of seminiferous tubule cross-sections (Figure 1 
Golgi Complexes of Peritubular Cells and Spermatogonia
Within seminiferous tubules, the Golgi complex of the peritubular cell appeared as many vesicular bodies, and its morphology did not appear stage dependent (Figure 2a ). The Golgi complex morphology varied among peritubular cells, with each having a distinct geometrical shape. Just luminal to the focal plane of the peritu bular cell Golgi, spermatogonial Golgi complexes appeared as single punctate bodies juxtaposed to one side of the nucleus (Figure 2b) . The spermatogonial Golgi complexes varied in number and size according to stage (data not shown). In addition, cohorts of spermatogonia were visible (see below). Except for the Sertoli cell Golgi complex, no distinct fluorescence pattern was observed luminal to the spermatogonial Golgi complex fluorescence, which is likely due to a lack of penetration of the fluorescent probe across the blood-tubule barrier. 
Golgi Complex of Sertoli Cells
Using differential interference contrast optics, three stages of seminiferous tubules were identified, and the Sertoli cell Golgi complex of each was viewed (Figure 3) . Seminiferous tubules corresponding to Stages X and XI and Stages 111-V had Sertoli cell Golgi complexes positioned in the basal, perinuclear portion of the cell and extending just apical of the nucleus (Figures 3A-3D) . A striking extension of this fluorescence pattern was seen in Stage VI1 and VI11 seminiferous tubules ( Figures 3E and 3F) . At this stage the Sertoli cell Golgi complex extended from the nucleus to the heads k B of the elongate spermatids in a narrow band. Because of the thickness of the focal plane, some of the Sertoli cell Golgi complexes appeared diffuse, while others were in focus. Occasionally the seminiferous epithelium was extruded out of the loose ends of seminiferous tubules. When this occurred, the morphology of the Sertoli cell Golgi complex was strikingly clear (Figure 4) . When seen in this manner, the Stage VI1 and VI11 Sertoli cell Golgi complex fluorescence pattern appeared as many vesicular bodies extending from a basal, nuclear position into the apical portion of the seminiferous epithelium.
Spermatogonial Ce ZZ Cohorts
As spermatogonia mature, cohorts of these cells develop due to incomplete cytokinesis during mitosis (22). The number of spermatogonia in each cohort varies depending on the number of nuclear divisions completed. Each spermatogonium within the cohort is connected to its neighbors by intercellular bridges (23.24).
In some seminiferous tubules, unique patterns of aligned C6-NBD-ceramide fluorescence were observed (Figure 5) . Three criteria were used to determine that these fluorescent patterns identified spermatogonial cohorts: (a) their basal position within the seminiferous tubule just luminal to the peritubular cell Golgi complex focal plane; (b) the size and shape of the cells within the cohorts; and (c) the pattern and density of the cohorts that resembled the previously described patterns of spermatogonial cohorts in stained seminiferous tubules mounted in toto (25,26) . The num- ber of spermatogonia located within a viewed cohort pattern varied depending on the stage of the seminiferous tubule (data not shown).
Seminz$?rous Tubules and Sertoli Cell Cultures Exposed to BFA
In Sertoli cells isolated from 21-day-old rats and cultured for 3 days before C6-NBD-ceramide staining, the Sertoli cell Golgi complex appeared as many bright punctate bodies juxtaposed to one side of the nucleus ( Figure 6A ). BFA produced a dramatic effect on Sertoli cell Golgi morphology in culture. After a 30-min BFA exposure, no prominent Golgi complex could be observed, and the bulk of cytoplasm became intensely fluorescent ( Figure 6B ).
BFA treatment of isolated seminiferous tubules produced a I marked Sertoli cell Golgi complex response. After BFA exposure, the punctate fluorescence pattern associated with the Sertoli cell Golgi complex disappeared, producing fluorescence diffusely distributed throughout the cell (Figures 7A and 7B ). This response occurred in the majority of seminiferous tubules. Occasionally a bright, diffuse staining pattern developed in the apical portion of Sertoli cells that co-localized with elongate spermatid heads in Stage 111-V seminiferous tubules ( Figures 7C and 7D) . In contrast to the Sertoli cell response, BFA treatment (up to 100 pg/ml) did not alter the Golgi complex appearance of peritubular cells or spermatogonia (data not shown).
Discussion
We initially attempted various approaches to study seminiferous tubule Golgi complexes. Intratesticular injection of CG-NBD-ceramidelBSA complexes produced Golgi staining patterns similar to those reported here for in vitro exposure. However, after intratesticular injection the plasma membrane of spermatogonia was brightly stained (data not shown). Collagenase treatment of isolated seminiferous tubules had no effect on Golgi complex staining or appearance but was necessary to visualize spermatogonial cohorts. After CG-NBD-ceramide exposure, the Golgi complex fluorescence pattern of peritubular cells, spermatogonia, and Sertoli cells became evident immediately and gradually diminished over the next 24 hr. The use of C&IJ3D-ceramide to fluorescently label the Golgi complexes of seminiferous tubules complements electron microscopic techniques, the principal means of studying Golgi complexes in a variety of cells. Although the electron microscope can provide greater detail of Golgi complex structure, it cannot examine Golgi complex dynamics within the same tissue sample. Hawcar, the use of Q-NBD-ceramide allows the study of Golgi complex dynamics within viable seminiferous tubules, as evidenced by the BFAstudia reported here. Moreover, the Q-NBD-ceramide technique is useful for examining large numbers of seminiferous tubules because of its technical simplicity.
After exposure of seminiferous tubules to BFA, the Sertoli cell Golgi complex was rapidly dispersed, and three types of Q-NBDceramide fluorescent patterns were noted. These patterns include: heads. These changes occurred between 30 and 60 min after BFA exposure in the vast majority of seminiferous tubules. In Sertoli cells in culture, BFA also produced a rapid rcsponsc in almost all Sertoli cells. In contrast, BFA (up to 100 pglml) did not appear to affect spermatogonial or peritubular cell Golgi complexes even after a 3-hr incubation. The explanation for this differential effect is unclcar, however, it has been reported that the Golgi complex of PtKl cells is resistant to the effects of BFA (27).
Movement of Sertoli cell Golgi membrane to arcas surrounding elongate spermatid heads may indicate a novel transport pathway within Sertoli cells. The Sertoli cell elaborates junctional complexes (ectoplasmic specializations) which contain endoplasmic reticulum cisternae juxtaposed to elongate spermatid heads (28). Sertoli cell proteins destined for secretion may traverse this endoplasmic reticulum compartment before arrival at the Golgi complex. This hypothetical pathway may provide a means for elongate spermatid regulation of Sertoli cell protein secretion. In such a model, the elongate spermatid may regulate the flux of protein through the endoplasmic reticulum associated with ectoplasmic specialitations by secreted factors and/or by cell-cell contact.
The combined use of G-NBD-ceramide and BFA demonstrates that the staining technique reported here is a valuable tool in the study of Sertoli cell Golgi complex dynamics within viable seminiferous tubules. This technique may be useful in the study of Sertoli cell Golgi complex movements during the cycle of the seminiferous epithelium. The Sertoli cell Golgi complex has been reported to migrate from a basal location into the apical portion of the cell at Stages VI1 and VI11 (11) . Although the mechanism of this transport process is unknown, the appearance of the Golgi complex within apical Sertoli cell cytoplasm has been correlated with the appearance of mature elongate spermatids (12). Since the Sertoli cell Golgi complex can be clearly viewed with C6-NBDceramide, the mechanism of the transport process can now be examined in living tissue.
In addition to its usefulness in Sertoli cell biology, the G-NBDceramide technique may be helpful in the examination of spermatogonial division and maturation. Maps of spermatogonial cohorts within seminiferous tubules have been prepared with fixed, stained seminiferous tubules mounted in toto (26). However, the nature of this technique precludes the study of changes in individual spermatogonial cohorts. With the C6-NBD-ceramide technique it is possible to clearly view these cohorts within viable seminiferous tubules. Therefore, it may be possible to examine individual spermatogonial cohorts as they progress through their developmental stages. Although germ cell differentiation in vitro is a limited event, development of Type A spermatogonia up to the pachytene stage of meiosis has been observed in seminiferous tubule cultures (29).
One possible application of this spermatogonial cohort staining technique is its use in resolving Ad spermatogonial differentiation. Spermatogonia at an early stage of development are interconnected and assume a linear arrangement, thus their designation as Ad spermatogonia (30). It is unclear if these cells are irreversibly committed to differentiation or can self-renew by fragmentation. If the former is true, then cohorts of Ad spermatogonia should have clones of sizes equal to 2" (n = number of cell generations); however, if Ad spermatogonia can renew by fragmentation, clones should have sizes varying from 2". There is controversy over the number of Ad spermatogonial clones with sizes other than 2". Erickson (31) found that 12% of mouse A,I spermatogonial clones dif5ered from 2", whereas van Beek et al. (32) found less than 1% of these clones differing from 2". The C6-NBD-ceramide staining technique may be useful in resolving this question.
